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The degree of T cell self-reactivity considered
dangerous by the immune system, thereby requiring
thymic selection processes to prevent autoimmunity,
is unknown. Here, we analyzed a panel of T cell
receptors (TCRs) with a broad range of reactivity to
ovalbumin (OVA323-339) in the rat insulin promoter
(RIP)-mOVA self-antigen model for their ability to
trigger thymic self-tolerance mechanisms. Thymic
regulatory T (Treg) cell generation in vivo was directly
correlated with in vitro TCR reactivity to OVA-peptide
in a broad 1,000-fold range. Interestingly, higher
TCR affinity was associated with a larger Treg cell
developmental ‘‘niche’’ size, even though the amount
of antigen should remain constant. The TCR-reac-
tivity threshold to elicit thymic negative selection
and peripheral T cell responseswas100-fold higher
than that of Treg cell differentiation. Thus, these data
suggest that the broad range of self-reactivity that
elicits thymic Treg cell generation is tuned to secure
peripheral tolerance to self.
INTRODUCTION
The adaptive immune system generates a diverse array of
antigen receptors to allow recognition of a variety of pathogens.
However, a consequence of this diversity is that some receptors
will recognize self with the potential to cause autoimmunity. For
T cells, the issue of self-reactivity is mitigated given that develop-
ment occurs in a specialized organ, the thymus, where the imma-
ture T cell population is educated to the self-antigenic repertoire
prior to their release into the periphery as mature T cells with the
ability to cause autoimmunity. One important mechanism of
education is the deletion of self-reactive T cells, also known as
negative selection (McCaughtry and Hogquist, 2008; Palmer
and Naeher, 2009). However, not all self-reactive thymocytes
are eliminated, and some escape the thymus as effector cells
with the potential to cause autoimmunity (Bouneaud et al.,
2000; Zehn and Bevan, 2006). A second mechanism of educa-
tion to self-antigens is now recognized to be the differentiation
of self-reactive thymocytes to become regulatory T (Treg) cells
that suppress, rather than induce, inflammatory responses.ImT cell receptor (TCR) specificity was initially thought to be
important for thymic Treg cell development because it was
observed that TCR transgenic mice on a Rag-deficient back-
ground do not have Treg cells (Apostolou et al., 2002; Itoh
et al., 1999), implying that only certain TCRs can facilitate Treg
cell differentiation. Subsequent studies of TCR and antigen
double-transgenic mice suggested that recognition of self-
antigen is the pertinent requirement for thymic Treg cell induction
(Apostolou et al., 2002; Jordan et al., 2001). Other reports using
fetal thymic organ cultures (FTOCs) and in vivo peptide injection
support this model (Atibalentja et al., 2009; Feuerer et al., 2007).
Taken together with other studies (Bautista et al., 2009; Hsieh
et al., 2004; Leung et al., 2009), the preponderance of the data
suggests that self-recognition is an important requirement for
thymic Treg cell selection.
Although these studies provide proof of principle that self-
reactivity is required to trigger thymic education via Treg cell
differentiation and negative selection, a number of questions
remain. First, many studies modeled interactions with ubiquitous
antigens via transgenic expression or peptide administration
in vivo or in vitro (Atibalentja et al., 2009; Feuerer et al., 2007).
However, recent data suggests that thymic Treg cell develop-
ment utilizes a limited antigenic niche (Bautista et al., 2009;
Leung et al., 2009), implying that ubiquitous antigen presentation
may not be an appropriate model. Thus, the threshold of self-
reactivity that elicits thymic education mechanisms for CD4+
T cells to tissue-specific antigens is unknown.
Second, the study of TCR transgenic cells at high clonal
frequencies may not represent what happens during normal
thymic development, which occurs at very low clonal frequen-
cies. For example, high clonal frequencies have recently been
shown to markedly decrease the efficiency of thymic Treg cell
development, presumably because of intraclonal competition
(Bautista et al., 2009; Leung et al., 2009). Thus, it may be possible
that Treg cell development or negative selectionmay be different
at high versus low clonal frequencies.
Finally, although there have been studies of major histocom-
patibility complex (MHC) class I-restricted T cells regarding
thresholds of negative selection (Daniels et al., 2006; Zehn and
Bevan, 2006), the range of TCR self-reactivities that elicit thymic
tolerance mechanisms in CD4+ T cells in vivo has not been
examined. In some studies, the threshold of self-reactivity
required to trigger thymic Treg cell differentiation has been sug-
gested to be quite high (Hinterberger et al., 2010; Jordan et al.,
2001), being at or near the threshold of self-reactivity thatmunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc. 475
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Affinity to Self Instructs Treg Cell Developmentinduces negative selection. Moreover, thymic Treg cell differen-
tiation may be dependent on a certain threshold of TCR affinity
for antigen, given that Treg cell development is not observed
with low-affinity interactions, even if antigen expression is high
enough to induce negative selection (Cozzo Picca et al., 2011).
On the other hand, it was reported that there is great overlap
between the Treg and non-Treg TCR repertoires (Pacholczyk
et al., 2007), suggesting that a broad range of self-reactivity,
perhaps including TCRs that recognize self at the level of positive
selection, is sufficient for Treg cell development. Also, direct
demonstration of natural Treg cell TCR recognition of self-anti-
gens presented on splenic antigen presenting cells (APCs) has
not been successful (Pacholczyk et al., 2007), suggesting that
the antigen is rare or that the TCR affinity for antigen is low.
Determining the self-reactivity thresholds for thymic Treg cell
induction and negative selection would be important for under-
standing how the immune system perceives the problem of
self-recognition and utilizes thymic education to control it.
Thus, the quantitative threshold of self-reactivity that triggers
thymic education mechanisms, and how that relates to the
threshold of self-reactivity required for peripheral immune
responses, is unknown.
To address this question, we decided to fix the amount of self-
antigen and vary the efficiency of TCR recognition. Because
natural Treg cell ligands are currently unknown, we utilized as
a well-characterized model of a tissue-specific antigen, the rat
insulin promoter-membrane ovalbumin (RIP-mOVA) transgenic
line, in which the rat insulin promoter drives the expression of
membrane bound ovalbumin (OVA) (Kurts et al., 1996). The
developmental effects of thymic encounter with a relatively
rare ‘‘self-antigen’’ can then be assessed at low clonal frequen-
cies of T cells expressing a panel of naturally occurring TCRs
with varying reactivity to OVA323-339 identified from DO11b
TCR transgenic mice. Remarkably, we observed a direct corre-
lation between the degree of in vitro antigen reactivity and in vivo
thymic Treg cell generation over a broad 1,000-fold range.
Negative selection was apparent with the more self-reactive
TCRs. Finally, peripheral responses asmeasured by proliferation
of naive T cells after transfer into irradiated RIP-mOVA mice
required a degree of OVA reactivity that induces both thymic
negative selection and Treg cell development. Thus, these
data demonstrate that the extent of self-reactivity plays a crucial
instructive role in thymic Treg cell differentiation, which is tuned
to be substantially below the threshold for peripheral immune
responses to self-antigen.
RESULTS
Identification of Naturally Occurring OVA323-339
Peptide-Specific TCRs
The degree of self-reactivity that triggers thymic Treg cell differ-
entiation of CD4+ T cells is unknown, with studies favoring high
(Cozzo Picca et al., 2011) versus low (Pacholczyk et al., 2007)
thresholds of self-reactivity. Different thresholds for thymic
Treg cell development may be predicted to generate different
models regarding how self-reactive Treg and effector cells
participate in immune responses to self- and foreign antigens in
the periphery (Figure S1A available online). To define this
threshold, we identified a panel of naturally rearranged TCRs476 Immunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc.with a broad range of reactivity to OVA peptide. Our strategy
for obtaining these TCRs is diagrammed in Figure S1B. In brief,
we utilized a TCR-b transgenic line from an OVA-specific TCR,
DO11 (Ise et al., 2010; Figure S1C), to increase the precursor
frequency based on observations from theMHCclass I restricted
OT-Ib transgenic line (Dillon et al., 1994) and to provide a similar
physical framework for recognition of OVA peptide:MHC mole-
cules with different TCRa chains. To enrich for OVA-specific
TCRs, we expanded CD4+ T cells in vitro with OVA peptide prior
to sequencing the TRAV14 (Va2) repertoire (Figure S1D). We
obtained 3,785 sequences from the various proliferated T cell
subsets (Figure S1E). Consistent with the proliferation observed
in theOVAunstimulatedwells (Figure S1D), therewas substantial
overlap between the OVA stimulated and unstimulated TCR
repertoires (Table S1). In particular, the nine most frequent
Foxp3 TCRs on T cells from RIP-mOVA+ mice were found at
comparable frequencies irrespective of OVA-peptide stimula-
tion, suggesting that the precursor frequency of OVA-specific
cells is much lower in these mice due to negative selection. To
confirm OVA-peptide specificity, we selected the most frequent
TCRs found in the OVA but not control cultures (highlighted,
Table S1) and expressed them on DO11b T cell hybridoma lines
that contain green fluorescent protein (GFP) driven by nuclear
factor of activated T cells (NFATs) as a reporter for TCR stimula-
tion (Ise et al., 2010). However, only a subset of these TCRs
showed reactivity to OVA peptide (Table S1 and Figure S1F),
and appeared to have either higher affinity for OVA (R1, R2,
and R4), or exist at higher precursor frequency (P1, Figure S1G).
In these screening experiments, we noted that the only TCRs
that exhibited OVA-reactivity, regardless of T cell subset or RIP-
mOVA status, utilized TRAJ21 (Ja21), which happens to be the
same J-region utilized by the TRAV5D (Va13) DO11a chain.
This suggests that Ja21 provides structural features that facili-
tate recognition of OVA-peptide in the context of DO11b. We
therefore tested all naturally rearranged Ja21 containing TCRs
in our data set (Figures S2A–S2C), from which we identified
four more TCRs with either lower affinity to OVA or are present
at lower precursor frequency. Interestingly, only TCRs with a
CDR3 length of 10 showed reactivity to OVA. In summary, we
identified a panel of eight naturally arising OVA-reactive TCRs
that all use Ja21 and the same CDR3 length (Figure S2D), sug-
gesting that these TCRs recognize in a very similar manner
OVA323-339 bound to I-A
d in a single register.
The Panel of TCRs Exhibit a Broad Range of Reactivity
to OVA
To calculate the efficiency of OVA recognition, we determined
the effective concentration of OVA peptide that elicited
half-maximal responses (EC50) for each TCR with nonlinear
regression analysis (Figure 1A). Given that the EC50 is dependent
on the functional characteristics of the assay, we decided to use
DO11ab as a reference TCR for an agonist level response to
foreign antigen. Normalizing TCR responses to that observed
for DO11 also provided an interexperiment control. Thus, the
relative efficiency by which a TCR recognizes OVA peptide in
comparison with DO11 is denoted as DLog(EC50) = Log(EC50
DO11)  Log(EC50 TCR).
Using the NFAT-GFP reporter hybridoma cells described
above, we observed that the TCRs spanned over 3 logs in
0 102 103 104 105
Foxp3
0
103
104
105
C
D
25
0.3
0
103
104
105
C
D
25
6
0
103
104
105
C
D
25
0
B
A
N
FA
T-
G
FP
+
(%
)
Log[peptide( M)]
0
103
104
105
C
D
25
0
0
103
104
105
C
D
25
0
8.5
0 102 103 104 105
Foxp3
0
103
104
105
C
D
25
0
0 102 103 104 105
Foxp3
0
103
104
105
C
D
25
0
0 102 103 104 105
Foxp3
0
c c c
DO11 N9 N7 R4 R1
N12 R2 N13 P1
Foxp3
C
D
25
TCR transduced thymocytes (CD4SP gate)
C
Fo
xp
3+
of
 T
C
R
+
C
D
4S
P
 c
el
ls
 (%
)
-6 -4 -2 0 2
120
100
80
60
40
20
0
N9
DO11
N7
R4
R1
N12
R2
N13
P1 0
5
10
15
Figure 1. In Vitro and In Vivo Analysis of
OVA-Reactive TCRs
(A) In vitro assessment of TCR sensitivity to OVA
peptide. NFAT-GFP reporter hybridomas ex-
pressing each of 9 TCRs, including DO11 (red)
were tested against OVA peptide presented by
Flt3L induced dendritic cells. Data shown are the
frequency of NFAT-GFP+ cells normalized to the
maximum value seen with DO11 in that experi-
ment. Data are representative of three indepen-
dent experiments.
(B and C) In vivo assessment of thymic Treg cell
development in WT mice. Double-negative (DN)
thymocytes from Foxp3gfpRag1–/– mice were
retrovirally transduced with each TCR, transferred
into the thymuses of WT mice, and analyzed for
Treg cell generation 14 days after transfer.
Representative flow cytometry plots are shown in
(B) and summarized in (C) of three to six mice for
each TCR from at least two independent experi-
ments. Each dot represents data from an indi-
vidual recipient.
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Affinity to Self Instructs Treg Cell Developmentrelative EC50 to the reference TCR DO11, with TCRs N7 and N9
within 1 log of DO11, R1 and R4 within the second log, and R2,
N12, N13 and P1 with even lower reactivity to OVA (Figures 1A
and S2D). Note that changes in one or two amino acids greatly
affected the recognition of OVA, such that DO11.10 exhibits
greater than a thousand fold-higher sensitivity to peptide antigen
than P1, although theremay also be effects in the CDR1 or CDR2
regions for R2 and N9 (Figure S2D). Thus, we have identified
a panel of eight TCRs that recognize OVA with a broad range
of efficiencies.
Thymic Treg Cell Selection of TCRs with Foreign
Antigen-Reactivity
We first wanted to establish that our panel of OVA-reactive
TCRs did not facilitate thymic Treg cell development in the
absence of OVA, which would preclude straightforward inter-
pretation of OVA-dependent Treg cell generation. We utilized
retroviral transduction of CD4CD8 double negative (DN)
thymocytes followed by intrathymic transfer into congenically
marked wild-type (WT) hosts (Haxhinasto et al., 2008; Lathrop
et al., 2011) to assess whether these TCRs show OVA-indepen-
dent development of Foxp3+ cells 2 weeks after transfer. We
did not observe Treg cell development in T cells expressing
the DO11 TCR, as well as five OVA-reactive TCRs (Figures
1B and 1C). Interestingly, there were three TCRs that facilitated
thymic Treg cell development in the absence of OVA, suggest-
ing that these TCRs may recognize unknown self-antigens for
Treg cell selection. This is further supported by the observation
of R1, R2, and N9, in the Treg cell TCR repertoires from
wild-type mice (Figure S1G). It appears that both TRAV14
subtype and CDR3 sequence affected this presumed self-
reactivity, given that R2 and N9 use the same TRAV14 subtype
but different CDR3 sequence, whereas R1 and R2 utilize the
same CDR3 sequence, but have different TRAV regions.Immunity 37, 475–486, SeThus, these data demonstrate that it
is possible to generate Treg cells in
the thymus that also recognize foreignantigens, presumably because of the promiscuity of TCR
recognition.
A Direct Role of Self-Reactivity for Thymic Treg Cell
Development
To avoid the complication of OVA-independent Treg cell gener-
ation, we decided to focus on the six TCRs, including DO11,
which did not facilitate thymic Treg cell development in wild-
type mice. The differences between the five TCRs are only in
the CDR3 amino acid sequence, given that all of these TCRs
use the same TRAV14-3*01 subtype. Because measurement of
OVA reactivity so far was based on a single readout with the
NFAT-GFP reporter, we sought to expand the analysis of func-
tional responses to TCR stimulation. We utilized another marker,
NF-kB-GFP, which was introduced into the same parent
hybridoma line used by NFAT-GFP (Ise et al., 2010). Because
this parent hybridoma line produced little interleukin-2 (IL-2),
we tested IL-2 production after re-expressing these TCRs in
a different TCR-deficient hybridoma line, 5KC-73.8.20 (Scott-
Browne et al., 2009). Although the range of measured EC50s
varied from 100–6,000-fold depending on the assay, the
ordering of TCRs in terms of efficiency of OVA recognition
remained mostly constant (Figure 2A; Table 1).
Given that TCR signaling may differ between hybridoma cells
and primary T cells, we also assessed peptide reactivity with
thymocytes and peripheral T cells. T cells expressing individual
OVA peptide-reactive TCRs were generated with retroviral
bone marrow chimeras from Rag1–/– donors. The EC50 for
each TCR was determined in vitro by assessing CD25 upregula-
tion on CD4+CD8– (CD4 single positive [CD4SP]) thymocytes
and proliferation of peripheral CD4+ T cells (Figure 2B). Taken
together, the data from five different hybridoma and primary
T cell assays are consistent with the notion that these six TCRs
exhibit a broad range of sensitivity for OVA recognition (Table 1).ptember 21, 2012 ª2012 Elsevier Inc. 477
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Figure 2. Defining Efficiency of OVA Recognition using Hybridoma and Primary T Cells
(A) Hybridoma assays. Hybridoma cells were assessed for NF-kB-GFP expression (left) and IL-2 production (right) in response to OVA peptide presented
by TA3 APCs.
(B) Assays of TCR reactivity using primary cells. T cells were obtained from retroviral bonemarrow chimeraswithWT hosts. CD4SP thymocyteswere assessed for
CD25 upregulation (left), and peripheral CD4+ T cells were tested for in vitro proliferation (right), in response to OVA-peptide presented by Flt3L DCs. Calculated
DEC50 is summarized in Table 1. Graphs shown are representative of three independent experiments.
(C) Binding of OVA:I-Ad tetramer to hybridoma cells expressing OVA-reactive TCRs. Representative plots are shown on the left and summarized on the right
(mean ± SD, n = 3 independent experiments). Because the lines were generated via retroviral transduction of TCRs, the cells shown are gated on TCR+ cells. MFI
was calculated from all TCR+ cells. 3K:I-Ab tetramer was used as a control.
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Affinity to Self Instructs Treg Cell DevelopmentTo estimate the TCR affinity for peptide:MHC, we measured
the mean fluorescence intensity (MFI) of equilibrium tetramer
binding, which provides a relative assessment of monomeric
TCR:pMHC affinity (Crawford et al., 1998; Huseby et al., 2006;
Savage et al., 1999). Consistent with the functional assessment
of OVA reactivity, tetramer binding classified N7 and R4 as
higher-affinity TCRs (Figure 2C) in comparison with N12, N13,
and P1, which showed little to no binding. Although the latter
three TCRs can elicit in vitro responses to OVA peptide, these
TCRs are below the affinity range that can be quantified using
this tetramer binding assay. Thus, these tetramer data suggest
that this panel of TCRs recognizeOVApeptide:MHCwith a broad
range of affinities.
We next assessed the ability of thymic OVA expression via
RIP-mOVA to induce thymic Treg cell development using retro-478 Immunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc.viral transduction of TCRs into Rag1–/– thymocytes followed by
intrathymic transfer as described above. As expected, DO11
facilitated thymic Treg cell development in the presence of
RIP-mOVA (Walker et al., 2003). Interestingly, all of the other
TCRs except for P1, the lowest-affinity TCR, induced Treg cells
to a degree that varied with the efficiency of OVA recognition,
both at the level of Foxp3+ cell frequency and number (Figures
3A and 3B). Treg cell generation could even be detected in cells
expressing the low-affinity TCRs N12 and N13, which could not
be reliably measured by equilibrium tetramer binding, and
require 1670-fold (average response in five assays between
P1 and DO11 in Table 1) more antigen to achieve the same
response in comparison to DO11. However, we were unable to
observe Treg cells generated by P1, which was very close to
N13 in its sensitivity to OVA. Although stochastic expression of
Table 1. Summary of Assessments of TCR Reactivity
Clone
CDR3 Amino
Acid Sequence
Hybridomaa T cellsa
Tetramer Bindingb Thymic Selection
NFAT
Activation
NFkB
Activation
IL-2
Production
CD25
on CD4SP
CD4 T Cell
Proliferation
DO AASPNYNVLY Neg. + Treg
N7 AACPNYNVLY 0.2 ± 0.3 0.2 ± 0.1 0.1 ± 0.2 0.8 ± 0.6 0.7 ± 0.3 0.30 ± 0.03 Neg. + Treg
R4 AAVPNYNVLY 1.2 ± 0.6 0.4 ± 0.1 0.6 ± 0.1 1.5 ± 0.6 1.2 ± 0.4 0.84 ± 0.04 Treg
N12 ATTPNYNVLY 2.6 ± 0.3 1.2 ± 0.5 1.5 ± 0.2 2.3 ± 0.6 2.1 ± 0.5 %1.30 ± 0.05 Treg
N13 AASKNYNVLY 3.5 ± 0.1 1.8 ± 0.5 2.3 ± 0.3 3.0 ± 0.8 3.6 ± 0.2 %1.35 ± 0.04 Treg
P1 AAPPNYNVLY 3.8 ± 0.3 2.1 ± 0.8 2.7 ± 0.3 2.2 ± 0.5 3.1 ± 0.4 %1.34 ± 0.05 Tconv
Data shown represent mean ± SEM (n = 3). Thymic selection is based on in vivo assays presented throughout the paper. Neg., negative selection.
Treg, Treg cell selection.
aThe relative sensitivity of OVA recognition is shown as the difference of log (EC50) from that of DO11.
bThe relative affinities of TCRs are shown as the difference of log (MFI) from that of DO11.
Immunity
Affinity to Self Instructs Treg Cell DevelopmentRIP-mOVA in thymic mTEC cells may contribute to mouse to
mouse variability (Derbinski et al., 2008), differences between
TCRs were readily observed. Thus, these data show that TCRs
that are on average 1% to 0.1% percent as sensitive as DO11
for OVA recognition in vitro can generate thymic Treg cells,
demonstrating that Treg cell differentiation can occur within
a broad range of self-reactivity.
Linear regression analyses for all assays revealed that the
ability of TCRs to facilitate Treg cell generation was directly
proportional to their affinity for OVA peptide as provided by
RIP-mOVA (Figures 3C and S3). The efficiency of self-recogni-
tion was also directly correlated with the generation of
Foxp3–CD25+ cells (Figures 3D and 3E), consistent with the
proposal that the process of thymic Treg cell generation occurs
via TCR-dependent generation of Foxp3– Treg precursor cells
(Lio and Hsieh, 2008). Thus, these data demonstrate that the
degree of self-recognition is the primary determinant for Treg
cell differentiation in the thymus.
Treg Cell Selection ‘‘Niche’’ Is Dependent on TCR
Affinity for Self-Antigen
Thymic Treg cell selection utilizes a small ‘‘niche’’ based on the
observation of intraclonal competition in studies of transgenic
mice using naturally arising Treg cell TCRs (Bautista et al.,
2009; Leung et al., 2009). Because the natural ligands for these
Treg cell TCRs are unknown, the factors that affect this develop-
mental niche are unclear. We therefore examined whether
affinity to self-antigen affects the size of the Treg cell develop-
mental niche. Because the intrathymic transfer of retrovirally
transduced thymocytes does not assess Treg cell generation
at steady state, we decided to analyze chimeras with retrovirally
transduced bone marrow. Because generating chimeras at
varying clonal frequencies is more difficult than the intrathymic
transfer experiment described above, we examined the two
highest-affinity TCRs along with DO11. Various ratios of con-
genically marked wild-type bone marrow were also added to
achieve varying clonal frequencies. We confirmed that these
OVA-reactive TCRs did not facilitate Treg cell generation in
wild-type mice, even at low clonal frequencies (Figures 4A and
S4). Consistent with previous reports (Bautista et al., 2009;
Leung et al., 2009), we observed that Treg cell development
with all three TCRs was inversely correlated with clonalImfrequency in the presence of OVA peptide presentation (Fig-
ure 4A). Moreover, the efficiency of Treg cell generation was
directly correlated with affinity, as evidenced by the ability of
higher-affinity TCRs to generate a higher frequency of Treg cells
at a given clonal frequency (Figure 4B). The affinity of the TCR
also correlated with the absolute number of Treg cells that are
generated in the thymus, implying that higher-affinity TCRs
have a larger niche size for thymic Treg cell development
(Figures 4C and 4D). Because the amount of antigen generated
by the RIP-mOVA transgene should be equal between different
bone marrow chimeras, we hypothesize that niche size in this
case represents the number of APCs that present sufficient
antigen to trigger Treg cell selection for a given TCR affinity.
Threshold for Negative Selection
Some studies using TCR transgenicmodels have reported nega-
tive selection to be coincident with Treg cell generation (Jordan
et al., 2001; van Santen et al., 2004), whereas other studies have
suggested that Treg cell selection may occur without obvious
negative selection (Bautista et al., 2009). Thus, the threshold of
self-reactivity required to elicit Treg cell differentiation versus
negative selection remains poorly defined.
An interesting observation from our studies of clonal frequency
and Treg cell development was that the frequency of Treg cells
using the higher-affinity TCRs, DO11 and N7, actually went
down again at clonal frequencies below 0.1% (red box, Fig-
ure 4A). This was not apparent for the intermediate-affinity
TCR R4, nor for other TCRs tested in previous reports (Bautista
et al., 2009), although it remains possible that this may be
observed if lower clonal frequencies could be achieved experi-
mentally. One potential explanation for this observation is that
TCRs with high affinity to antigen can induce negative selection
rather than Treg cell differentation at low clonal frequencies. In
this case, the remaining Foxp3– CD4SP cells have presumably
not yet encountered antigen.
To test the hypothesis that negative selection to RIP-mOVA
occurs at low clonal frequencies with the N7 and DO11, but
not R4 TCRs, we investigated whether the frequency of TCR-
expressing cells in the CD4SP relative to the DP subset was
affected by the presence of RIP-mOVA (Figure 5A). We observed
a decrease in the CD4SP frequency in N7 and DO11, but not
R4, consistent with negative selection. Interestingly, deletionmunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc. 479
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Figure 3. Thymic Treg Cell Generation Is Instructed by the Extent of TCR Reactivity to Self-Antigen
(A) Treg cell generation by OVA-reactive TCRs in the presence of RIP-mOVA. Retrovirally transduced Rag1–/– DN cells were transferred into the thymuses of
RIP-mOVA mice, and analyzed at 2 weeks as in Figure 1B.
(B) Data in (A) are summarized, with each dot representing the frequency (left) and absolute number (right) of Foxp3+ cells from an individual recipient. The plot in
the middle shows the mean Foxp3+ percentage (±SEM). The middle and right plots are correlated with the DLog(EC50) of the TCR for NFAT-GFP activation as
compared with DO11. P1 was not plotted on the right because no Foxp3+ cells were observed.
(C) Correlation of Treg cell generation with in vitro sensitivity to OVA. To determine whether TCR affinity is directly correlated with the efficiency of Treg cell
selection in vivo, we plotted the absolute number of Treg cells versus the DLog(EC50) of the TCR as compared with DO11 and analyzed it by linear regression. For
tetramer binding, we used the Log(MFI) as compared with DO11. Each symbol represents an individual TCR indicated in the legend.
(D) The frequency of Foxp3–CD25hi CD4SP cells in the experiments described in (A) are shown (mean ± SD, 5 independent experiments).
(E) Correlation of Foxp3–CD25hi CD4SP cells with sensitivity of TCR to OVA peptide. Frequencies of Foxp3–CD25hi cells shown in (D) are plotted as per (C).
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Figure 4. A Role for TCR Affinity in the
Thymic Treg Cell Selection ‘‘Niche’’
(A) Inverse relationship between clonal frequency
and Treg cell development. Thymic Treg cell
development was assessed in mixed bone
marrow chimeras with varying ratios of WT to
retrovirally transduced bone marrow. Data shown
are the percentage of Foxp3+CD4SP cells versus
the clonal frequency in the CD4SP subset for the
indicated TCR. Each symbol represents data from
an individual recipient from three to five indepen-
dent experiments for each TCR. Data points in the
dashed red boxes fall outside of the previously
described inverse relationship.
(B) Data from the experiment shown in (A) are
plotted log-log to illustrate the similar slopes, with
differences in the intercept. Note that the points in
the red boxes are not shown in this plot.
(C) Absolute number of Treg cells from the data
shown in (B) is plotted versus clonal frequency.
(D) Correlation of Treg cell selection niche size to
TCR affinity. The number of Foxp3+ cells was
analyzed by linear regression with OVA-reactivity
measured by NFAT activation (upper) and tetramer
binding (lower) as per Figure 3. Each symbol
represents an individual TCR as indicated in the
legend.
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Affinity to Self Instructs Treg Cell Developmentappeared to be enhanced with decreasing clonal frequency,
analogous to the demonstration of intraclonal competition during
Treg cell development (Bautista et al., 2009; Leung et al., 2009).
However, these data do not fully support the hypothesis that
negative selection occurs only at very low clonal frequencies to
prevent Treg cell selection (Figure 4A) because negative selec-
tion appears to occur at higher clonal frequenices (Figure 5A).
One speculation is that the reduction in intraclonal competition
with very low clonal frequency may increase the strength of
TCR signaling such that self-antigen encounter will always result
in negative selection (Hinterberger et al., 2010).
To confirm that negative selection occurred at the CD4SP
stage, we assessed whether purified CD4SP thymocytes from
chimeras of retrovirally transduced bone marrow in wild-type
hosts would be deleted after intrathymic transfer into RIP-
mOVA+ recipients. The transferred cells were mostly immature
on the basis of high heat stable antigen (HSA, CD24) expression
at time of transfer (Figures S5A and S5B). At day 3 posttransfer,
we observed that the relative ratio of thymocytes expressing the
higher-affinity TCRs DO11 and N7, but not R4, to the coinjected
polyclonal thymocytes were decreased in RIP-mOVA hosts,Immunity 37, 475–486, Seindicative of negative selection (Figures
5B and S4C). Consistent with previous
reports (Cozzo Picca et al., 2011), these
data suggest that the propensity to
induce Treg cell differentiation does not
always rescue the cells from negative
selection. Taken together, these data
suggest that that detectable negative
selection occurs at an affinity above R4,
which is 7% as sensitive as DO11 at
recognizing OVA (average of five assays,Table 1). Because Treg cell selection is observed at affinities
above P1 (0.06% as sensitive as DO11), these data suggest
that detectable negative selection requires a substantially
higher-affinity interaction with self than does Treg cell selection.
Differential Affinity Thresholds for Thymic Treg Cell
Development and Peripheral Responses to Self
Our studies in the thymus suggest that a broad range of TCR
affinity can elicit Treg cell development, albeit at varying degrees.
As the affinity for self-antigen decreases, the percentage of
Foxp3– conventional T cells emigrating from the thymus in-
creased. Thus, understanding the relationship between the
range of affinities that facilitate thymic Treg cell generation and
peripheral responses is important for clarifying how self-reactive
Treg cells may mediate self-tolerance in the periphery.
To address this question, we adoptively transferred peripheral
Foxp3– CD4 T cells bearing OVA-reactive TCRs into sublethally
irradiated RIP-mOVA recipients, given that very little proliferative
responses were observed in nonirradiated mice (Figures S6A
and S6B). Intriguingly, the intermediate-affinity TCR R4 or
low-affinity TCR N12 did not respond to OVA in vivo under theseptember 21, 2012 ª2012 Elsevier Inc. 481
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Figure 5. Treg Cell Development Coincident with Negative Selection by High-Affinity TCRs
(A) Analysis of mixed bone marrow chimeras. Data from Figure 4 are plotted to compare the frequency of TCR+ cells (Thy1.1+CD45.1+CD45.2–) among total DP
(x axis) and CD4SP (y axis) cells in WT versus RIP-mOVA recipients. Each dot represents data from an individual recipient.
(B) Negative selection of CD4SP thymocytes. TCR expressing CD4SP thymocytes and Cell-Trace Violet labeled WT cells were intrathymically injected into WT
and RIP-mOVA mice. Flow cytometry was performed 3 days later. Negative selection was assessed by the ratio of OVA-specific CD4SP cells to WT cells added
as an injection control. Each dot represents an individual recipient, with two independent experiments per TCR. Statistical differenceswere accessed by unpaired
t test (left). The percent difference in the mean values from WT compared with RIP-mOVA hosts is shown for each TCR (right).
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DO11 and N7 induced peripheral expansion of Foxp3– cells as
well as a small amount of Treg cell differentiation. Because
endogenous presentation of OVA from RIP-mOVA may repre-
sent a low amount of peripheral self-antigen expression, we
tested whether abundant amounts of OVA protein in alum
adjuvant would stimulate in vivo proliferation in TCR expressing
cells transferred intoWT hosts.We observed substantially higher
proliferation overall and were able to visualize proliferation of R4,
but not N12, in this case (Figure 6B). In these assays, we
observed relatively little peripheral conversion, presumably due
to environmental effects of irradiation or immunization (Figures
S6C and S6D). Because N12 and N13 facilitated thymic
Treg cell development (Figure 3), but not peripheral T cell
responses even under abundant antigen, these data suggest a
model in which thymic Treg cell differentiation is tuned such
that T cells with sufficient self-reactivity to elicit peripheral
immune responses cannot wholly escape the thymus as effector
cells (Figure S5E). Thus, these data suggest that T cells with
sufficient reactivity to react with self-antigens in the periphery
will probably be accompanied by Treg cells generated via thymic
selection triggered by the same self-antigen, thereby preventing
the development of autoimmunity.
DISCUSSION
Although previous studies provided proof of principle that self-
reactivity is an important factor for thymic Treg cell differentiation482 Immunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc.and negative selection, there was little sense of how much
self-reactivity is required at low clonal frequencies. Quantifica-
tion of the relationship between self-reactivity and thymic Treg
cell selection is important for understanding how thymic Treg
cells may provide tolerance in the periphery. A high threshold
of self-reactivity for Treg cell differentiation (Cozzo Picca et al.,
2011) would predict that many low-affinity self-reactive T cells
would escape the thymus as effector cells, relying primarily on
the presence of high-affinity self-reactive Treg cells to provide
tolerance. By contrast, a low threshold of self-reactivity for
Treg cell differentiation would broaden the Treg cell repertoire
such that it may almost approximate that of the effector cell
repertoire (Pacholczyk et al., 2007), increasing the likelihood
that thymic Treg cells will participate in not only immune
responses to self, but also nonself antigens. Thus, under-
standing the relationship between self-reactivity and thymic
education mechanisms would be useful to understand the
process of self:nonself discrimination.
We addressed this question by analyzing a panel of TCRs
with different affinities for OVA peptide:MHC molecules for their
in vivo response to the RIP-mOVA model antigen. Although
using a single antigen transgenic line has technical advantages
because it should fix the amount and distribution of the
antigen, another important consideration is that it models a
tissue-specific, rather than ubiquitous, antigen. Whereas T cell
autoimmunity to ubiquitous antigens is not well described,
tissue-specific antigens are likely targets in a number of human
autoimmune diseases such as Hashimoto’s thyroiditis and
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Figure 6. High-Affinity TCR Recognition of Peripheral Self-Antigen Is Required to Elicit Peripheral Naive T Cell Responses
(A) Peripheral T cells responses to RIP-mOVA. Naive peripheral Foxp3–CD4+ T cells were intravenously transferred into sublethally irradiated RIP-mOVA
recipients. Representative flow cytometry plots are shown of the transferred splenic T cells after 14 days so that proliferation via dilution of Cell-Trace Violet dye
(left) could be determined. Frequencies of proliferated cells are summarized for each TCR (middle), and CD44 expression is shown (right). Each dot represents
data from a single recipient, with two independent experiments per TCR.
(B) Peripheral T cell responses to abundant antigen. Naive peripheral Foxp3–CD4+ T cells were intravenously transferred into normal WT recipients immunized
with OVA protein-Alum, and proliferation of the transferred T cells in the spleenwas analyzed after 7 days. Representative flow cytometric plots of proliferation are
shown on the left and summarized in the middle graph. Each dot represents an individual recipient, with two to three independent experiments per TCR.
Representative CD44 expression is shown on the right.
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tissue-specific antigen may be clinically relevant.
Our data suggest that tolerance mechanisms to tissue-
specific antigens expressed in the thymus are broad and robust.
We were surprised to observe that Treg cell development to this
model tissue-specific self-antigen still occurs with TCRs, which
are 0.1% as sensitive to OVA peptide in comparison with the
reference TCR DO11, which represents an agonist interaction
with foreign antigen. Although we did not perform a direct
measurement of affinity, the steady state tetramer binding
studies in conjunction with the broad range of functional assess-
ments of TCR reactivity provide a clear estimate of relative
affinity for this panel of TCRs compared with the DO11 TCR. It
is interesting to contrast these results from analysis of negative
selection of a CD8+ TCR, in which a narrow affinity range was
observed (Palmer and Naeher, 2009). Whether this is explained
by differences in the assays used, or whether this reflects
a fundamental difference between T cells at different stages of
development or MHC restriction, will need to be clarified by
future studies. Nonetheless, in contrast with CD8+ T cell negative
selection, the range of affinity that the immune system considers
of sufficient self-reactivity to warrant thymic Treg cell generation
is extremely broad.
We also observed that the extent of self-reactivity is directly
correlated with the efficiency of thymic Treg cell generation. In
fact, thymic Treg cell development appeared indistinguishable
from any other in vitro or in vivo TCR-dependent process. It is
interesting to note that increasing TCR affinity has also be re-
ported to facilitate peripheral Treg cell induction, although the
optimum amount of antigen is inversely correlated with TCR
affinity (Gottschalk et al., 2010). Presumably, this results from
T cell expansion at higher amounts of antigen in the periphery,Imwhereas negative selection would occur in the thymus. These
data therefore support the notion that one of the primary
purposes of TCR activation at this particular stage in develop-
ment is Treg cell generation, which appears to wane during
T cell maturation (Schallenberg et al., 2010; Wirnsberger et al.,
2009). Thus, the TCR’s autoimmune potential dictates its ability
to generate thymic Treg cells.
The relationship between TCR affinity and the efficiency of
thymic Treg cell generation is also manifest in the apparent
‘‘niche’’ size, as represented by the number of Treg cells gener-
ated over a broad range of clonal frequencies. One interesting
observation is that TCR affinity changes the intercept, but not
slope, of the line representing the relationship between clonal
frequency and Foxp3+ percentage. Such differences have
been observed previously between TCRs with vastly different
efficiencies for Treg cell generation (Bautista et al., 2009) and
were hypothesized to represent the number of APCs expressing
the Treg cell selecting ligand. However, the amount of antigen
should remain constant in this case because only one antigen
transgenic line is used. A recent study of thymic TCR activation
using a Nur77-GFP reporter suggested that clonal frequency
impacts the number of T cells receiving strong TCR signaling
due to intraclonal competition (Moran et al., 2011). From these
findings, one possible explanation is that the requirement for
TCR affinity reflects the number of APCs that are capable of
signaling T cells above the threshold for Treg cell generation.
Although the affinity of the TCR for self-antigen and the Treg
cell niche size is directly correlated, this may only be true at
higher clonal frequencies for TCRs with agonist level affinity for
self-antigen. It appears that negative selection probably perturbs
this linear relationship at lower clonal frequencies, given that
T cells encountering self-antigen are often deleted instead ofmunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc. 483
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role of intraclonal competition for negative selection, this may be
expected on the basis of studies of Treg cell development
(Bautista et al., 2009; Leung et al., 2009) and positive selection
(Huesmann et al., 1991). A possible mechanism leading to
increased deletion at low clonal frequencies is that minimal com-
petition for antigen bearing APCs allows the antigen-specific
developing thymocyte to make a long conjugate and trigger
apoptotic negative selection. A decrease in the TCR affinity or
an increase in clonal frequency would be predicted to shorten
the thymocyte:APC conjugation time resulting in decreased
deletion and increased thymic Treg cell generation.
The threshold of observable negative selection appears to be
substantially higher than that of Treg cell differentiation.
However, it must be noted that the sensitivity of detecting
Foxp3 induction as determined by the induction of Foxp3gfp is
excellent, whereas measuring the loss of cells is comparatively
insensitive. It may be possible that negative selection occurs at
lower affinity, but cannot bemeasured. However, a small fraction
of cells undergoing negative selection is unlikely to have any
impact on immune tolerance, given that essentially the same
numbers of self-reactive T cells escape the thymus, whereas a
small amount of Treg cell development may have a substantial
impact because of the importance of Treg cells in dominant
tolerance.
Thymic Treg cell generation may be considered a window in-
to how the immune system perceives the need to combat self-
reactivity during development prior to the export of cells into
the periphery. In comparison with thymic responses, we found
that the TCR affinities required for peripheral T cell responses
were much higher than that required for thymic Treg cell selec-
tion. Although these data will need to be validated for other
model self-antigens and, if possible, true self-antigens if they
can be genetically changed without affecting function, this
suggests that the range of self-reactivity required for Treg cell
selection is substantially below that required for peripheral
T cell responses.
In summary, our data using a model tissue-specific antigen
suggest that the immune system utilizes straightforward rules
for determining the thymic Treg cell population. Self-reactivity
within a broad range, but above that for positive selection,
selects for Treg cells in a graded manner depending on the
extent of self-reactivity. Cognate or agonist levels of self-
reactivity also result in negative selection. In this manner, the
immune system selects for a Treg cell population that is highly
tuned toward high-affinity self-antigen recognition while
including some low-affinity TCRs. Together with deletion of
high-affinity TCRs, these rules imprint the self-antigen repertoire
on the Treg cell population. Interestingly, we found that inci-
dental self-reactivity can also clearly generate Treg cells to
foreign antigens, which is consistent with studies showing that
a small fraction of cells binding to tetramers of foreign antigens
are Treg cells (Moon et al., 2011). Thus, self:nonself discrimina-
tion probably revolves around the quantitative bias of the TCRs
among the Treg and naive T cell population.
Our data clarify how self-reactivity in the CD4+ T cell subset is
constrained by the immune system. On the basis of these data,
we would predict that the bulk of the TCRs that cause auto-
immune disease would be of higher affinity than R4, which484 Immunity 37, 475–486, September 21, 2012 ª2012 Elsevier Inc.is 7% as sensitive as DO11 for OVA. These TCRs are low
enough affinity to avoid marked negative selection and incom-
pletely drive thymic Treg cell selection, permitting the escape
of self-reactive naive T cells (Zehn and Bevan, 2006). Under
normal circumstances, it is difficult to imagine that these
escaped self-reactive T cells could overcome the suppression
by the thymic Treg cell population concomitantly generated in
response to a broad range of self-reactivity. It seems that proin-
flammatory conditions that obviate or block Treg cell suppres-
sion would be required to release these potential autoimmune
effector cells. Such an inciting event is often not obvious in
spontaneous human autoimmunity. One interesting future ques-
tion is whether the B6 genotype studied here has an unusually
low threshold for thymic Treg cell generation, given that it is
known to be highly resistant to spontaneous autoimmunity.
Perhaps other autoimmune prone backgrounds will show a
higher threshold of self-reactivity for thymic Treg cell generation.
Alternatively, these robust thymic mechanisms may hint at the
possibility that spontaneous autoimmunity may not result from
a failure of central tolerance, but rather occurs to antigens that
are poorly expressed in the thymus. For example, we found no
indication in mixed bone marrow chimeras that the self-reactive
TCR 2D2 induces thymic Treg cell generation even at low clonal
frequencies (not shown), suggesting that the MOG-epitope is
either not presented in the thymus or the affinity of the 2D2
TCR for MHC-MOG peptide complex is too low relative to
the amount of thymic MOG-peptide. Future studies will be
required to test the hypothesis that spontaneous autoimmunity
is primarily a failure of peripheral tolerance.
EXPERIMENTAL PROCEDURES
Mice
Foxp3gfp mice (Fontenot et al., 2005) were a gift from A. Rudensky (MSKCC).
DO11.10 TCRb transgenic mice (Ise et al., 2010) were provided by K. Murphy
(Wash. U.). RIP-mOVA (Kurts et al., 1996), CD45.1, and B6.C mice were
obtained from Jackson Labs. All mice were backcrossed to B6.C (B6 back-
ground congenic at the MHC locus with BALB/c) to facilitate breeding to
mutant mice of B6 background. Mice were housed in a specific pathogen-
free animal facility and were used in accordance with protocols approved by
the Institutional Animal Care and Use Committee at Wash. U.
TCR Sequencing
Spleen and lymph node cells from DO11.10 TCRb Foxp3gfp Tcra+/–
RIP-mOVA– or + mice were labeled with Cell Trace DDAO (Invitrogen) and
cultured with or without 1 mM of OVA323-339 for 5 days. DDAO low-Vb8
+ CD4
T cells were purified from Foxp3– and Foxp3+ subsets with a FACSAria (Becton
Dickenson). Sequencing and analysis of TRAV14 TCRa (Va2) chains was
performed as described (Hsieh et al., 2006).
Chimeras with Retrovirally Transduced Bone Marrow
Retrovirally transduced Foxp3gfpRag1–/– B6.C bone marrow mixed with
CD45.1 Foxp3gfp bone marrow at ratios of 1:0, 1:1 or 1:4 were injected
(5 3 106 total cells) into lethally irradiated (1,000 rads) CD45.1 WT or RIP-
mOVA hosts (Bautista et al., 2009). At 6 weeks, the mice were analyzed by
flow cytometry. Nonmixed (1:0) chimeras in WT hosts were used as a source
of T cells for in vitro assays and in vivo transfer experiments.
In Vitro Assays of TCR Reactivity to OVA Peptide
For the NFAT activation assay, T cell hybridomas expressing DO11 TCRb,
mCD4, and an NFAT-GFP reporter (Ise et al., 2010) provided by K. Murphy
(Wash. U.), were retrovirally transduced with TCRa chains. FACS sorted
mCD4+Vb8+Va2+ cells were cultured with flt3 ligand-activated CD11c+ APCs
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(Bredemeyer et al., 2008) provided by B. Sleckman (Wash. U.) was transduced
into DO11 TCRb-mCD4 hybridomas, then transduced with TCRa chains prior
to stimulation with OVA-peptide and TA3 B cell hybridoma APCs, which
decreased the background. GFP expression was measured by flow cytometry
40 hr after stimulation.
For measurement of IL-2 production, 5KC T cell hybridomas expressing
DO11b were transduced with TCR-a chains and cultured with TA3 APCs
and OVA-peptide. IL-2 in the supernatant was assessed with a CTLL-2
bioassay with Alamar blue (Arcus biologicals).
Bonemarrow chimeraswere used as a source of T cells. CD4SP thymocytes
were enriched by depletion of CD8-expressing cells with biotinylated anti-
CD8 antibody and anti-biotin microbeads (AutoMACS, Miltenyi Biotec), and
cultured with irradiated splenic APCs pulsed with OVA323-339 to measure
CD25 induction at 24 hr by flow cytometry. Spleen and lymph node cells
were labeled with CFSE and cultured with OVA-peptide for assessing cell
division of retrovirally transduced cells (CD45.2+CD45.1–TCRb+Va2+ CD4+)
by flow cytometry at 72 hr.
For generating the dose response curve of each TCR to OVA323-339 peptide,
the functional readout of TCR activation in vitro at each peptide concentration
was normalized to the maximum value seen with DO11, and EC50 was deter-
mined by nonlinear regression using GraphPad software.
Tetramer Binding
T cell hybridomas (2 3 105) expressing individual TCRs were stained with
20 mg/ml of PE labeled tetramers of I-Ad protein with linked DO11 OVA epitope
(Scott-Browne et al., 2011) at 37C for 90 min and were further incubated with
2 mg/ml of anti-TCRb antibody at 4C for 30 min. 3K:I-Ab tetramer was used as
a control. Tetramer binding to TCRs was measured with flow cytometry.
Retroviral Transduction of TCRs into CD4–CD8– Thymocytes
Thymocytes from Foxp3gfpRag1/micewere transducedwithMigR1-derived
retroviruses expressing TCRa-P2A-DO11 TCRb IRES-Thy1.1 as described
(Haxhinasto et al., 2008; Lathrop et al., 2011). One million cells in 10 ml PBS
were intrathymically injected into sublethally irradiated (600 rads) WT or RIP-
mOVA recipients. Development of Foxp3+ thymocytes was analyzed by flow
cytometry 2 weeks later.
Assessment of Negative Selection by Intrathymic Injection
CD4SP thymocytes expressing individual TCRs were sorted from bone
marrow chimeras, mixed with Cell Trace Violet (Invitrogen)-labeled polyclonal
thymocytes at a 1:1 ratio, injected into the thymuses of either CD45.1 WT or
RIP-mOVA mice, and analyzed by flow cytometry 3 days later.
In Vivo Peripheral T cell Assays
Peripheral CD4+ T cells expressing individual TCRs were obtained from bone
marrow chimeras and labeled with Cell-Trace Violet to follow cell division.
Foxp3– CD4+ T cells (105) were intravenously transferred into irradiated
(500 rads) CD45.1 RIP-mOVA recipients. Splenocytes were analyzed for
proliferation and Treg cell conversion 14 days later by flow cytometry. In
another set of experiments, cells were intravenously transferred into CD45.1
WT recipients and intraperitoneally injected with OVA protein (100 mg/mouse)
dissolved in Imject Alum Adjuvant (Thermo Fisher Scientific). Splenocytes
were analyzed 7 days later by flow cytometry.
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